The microspheres/nanosheets of the ZnSe were prepared by solvothermal route. The morphological, structural, optical, as well as photocatalytic properties of the ZnSe products were studied. SEM and TEM results showed that morphologies of the products were sensitive to the presence of water or not, and a mechanism was proposed. The products shows a weak blue emission band centered at 476 nm, which is attributed to the near-bandedge emission of the products, and the strong and broad peak at 520 nm is attributed to a defect-related emission. The PL and XRD results indicate that ZnSe microspheres have high crystalline and few defects compared with ZnSe nanosheets, the degradation for Rhodamine 6G shows that the photoactivity of ZnSe nanosheets is nearly twice that of ZnSe microspheres. Therefore, the decrease of defects implies the decrease of photocatalytic activity, and nanosheets is more suitable for the degradation of Rhodamine 6G.
Introduction
Zinc selenide (ZnSe), as one of the important Znbased Ⅱ -Ⅵ semiconductors, due to its wide direct band gap (2.67 eV) and large excition binding energy (21 meV) [1, 3] , has been considered to be a promising material for optoelectronic devices, including blue laser diodes, light-emitting diodes, photodetectors and photosensitivity [4, 6] . Moreover, ZnSe has been employed as labeling tags in bioassays due to its high biocompatibility [7, 10] . Therefore, ZnSe is of great interest as a model material in such forms as thin films, quantum wells quantum dots, bulk crystals, and ZnSe-based optoelectronic devices [11, 12] .
In recent years, Ⅱ -Ⅵ semiconductor wires [13] , belts [14] , rods [15] , tube [16] , plates [17] , core/shell18, spheres [19] [20] [21] , and complicated hierarchical structures [22] have been successfully synthesized by several methods. Among these structures, spherical shape and sheets structures have attracted tremendous attentions due to their high packing densities and high specific surface. For example, Wang et al. [20] synthesized ZnSe microspheres by hydrothermal reaction of ZnSO 4 •7H 2 O and NaSeSO 3 with the assistance of surface-active polyethylene glycol. Du et al. [17] synthesized ZnSe nanoflakes by solvothermal reaction of ZnCl 2 and Se in a mixed solvent of ethylenediamine and hydrazine hydrate. And Yao et al. [21] synthesized an inorganic-organic hybrid semiconductor nanobelt [ZnSe](DETA) 0.5 (DETA=diethy-lenetriamine) in ternary solution. Although attempts have been tried, little work has been done to realize the transformation between sphere and sheet only through the adjusting of the ratio of water and additives.
In this article, we reported the synthesis of ZnSe microspheres and nanosheets under mild solvothermal conditions. And their optical and photocatalytic properties of the two structures of the ZnSe products were studied.
Experimental Section

Preparation of ZnSe microspheres and nanosheets
All chemicals used in this experiment were of analytical grade and were used without further purification.
Microspheres
In a typical synthesis procedure, ZnCl 2 (0.218 g, 1.6 mmol), elemental Se power (0.118 g, 1.5 mmol), the mass ratio of NaOH to ZnCl 2 is 4.6: 1 and H 2 O (20 ml) were added into 20 mL mixed solution with a ratio between absolute ethanol and oleic acid of 3:1. The solution was then transferred into an 80 mL sealed Teflon autoclave, and the reaction temperature was rapidly increased up to 180 °C. The solution was kept at this temperature for 24 h, and after the heating treatment, the autoclave was cooled to room temperature naturally. The products were collected by centrifugation, washed three times with deionized water and absolute ethanol, respectively, and then dried at 50 °C; as a result, yellow powders were obtained.
Nanosheets
Exception eliminating water, keeping the conditions do not changes. At last, reddish brown powers were obtained.
Characterization
The phases of samples were identified by X-ray diffraction (XRD) patterns obtained on a Philips X'Pert Pro Super diffractometer with graphite-monochromatized Cu Kr radiation (λ=1.54178 Å). The morphologies and microstructures of samples were examined by scanning electron microscopy (SEM) (Hitachi F-4800), transmission electron microscopy (TEM) (JEOL JEM-2100F). Room-temperature Raman spectra were measured using a microlaser Raman spectrometer (Renishaw) in a backscattering configuration, employing the 514.5 nm line of Ar laser as the excitation source. The IR spectrum was recorded using a Nicolet NEXUS670 transform IR spectrophotometer at room temperature with the samples milled in KBr wafer. Photoluminescence (PL) sectra were measured on an ENDINBURGH FLS 920 spectrophotometer at the excitation wavelength of 325 nm.
The photocatalytic activity test of ZnSe microspheres/nanosheets
The photocatalytic activity test of ZnSe microspheres/ nanosheets were investigated by evaluating in terms of the degradation of Rhodamine 6G (Rh-6G)solution under UV irradiation. A 300 W high-pressure mercury lamp with main emission wavelength 365 nm (Shanghai Bilon Instruments Co. Ltd), was set inside a cylindrical reactor, and surrounded by a circulating water jacket to cool the lamp and minimize infrared radiation. 50 mg of ZnSe products were suspended in 100 ml of an aqueous solution of 10 -5 M Rh-6G. The solutions were continuously stirred for about 30 min at room temperature to ensure the establishment of an adsorption-desorption equilibrium among the photocatalyst, Rh-6G, and water, before irradiation with light from the high-pressure mercury lamp. The distance between the light source and the solution was about 10 cm. The concentrations of Rh-6G were monitored by using a UV-vis spectrometer (Shimadzu, Japan. UV-2500).
Results and Discussion
The morphology and structure of the as-prepared ZnSe were studied using SEM, and XRD. Fig. 1 a= 5.633 Å. No peaks of any other phase were detected, which indicates that the as-prepared sample is pure ZnSe with a zinc blende structure.
The structure and morphology of the products were further observed by high-resolution TEM (HRTEM). Fig.  2a shows a typical TEM image of ZnSe particles, which resulted from the ultrasonic decomposition of ZnSe microspheres during the sample preparation for TEM observation. It shows that a large amount of irregular particles, which are in the range of 100-300 nm diameters, are randomly distributed onto the copper mesh. Fig. 2b shows a HRTEM image and a two-dimensional Fourier transform pattern (the inset of Fig. 2b ). The HRTEM image indicates a clear lattice spacing of 0.33 nm which corresponds to the interplanar distance of (111) lattice planes of cubic ZnSe phases, and its two-dimensional FFT pattern further demonstrates the single crystalline structure of ZnSe particles.
The effect of the deionized water (DIW) on the morphology of products has been reported in the literature [22] . So a control experiment that without the addition of DIW was done here, and the SEM images of the products are exhibited in Fig. 3a . It shows that the morphology of products is nanosheets but not microspheres, and the thickness of the nanosheet is about 90 nm (the inset of Fig. 3a) . The Fig. 3b shows the XRD pattern of the products, and it reveals that the products are also pure-phase cubic ZnSe. Compared with the diffraction spectra of ZnSe microspheres (as shown in Fig. 1d ), the peaks of ZnSe sheets are broader, which indicates the increase of the ZnSe nanocrystallites, and the sheet structure was further confirmed as shown in Fig. 3c . It shows that the nanosheet is crystallized with clear lattice fringes parallel to the wall from the high-resolution TEM image (Fig. 3d) . The inter-plane distance of 0.33 nm agrees well with the separation between the (111) lattice planes.
The as-synthesized products were further examinedby Raman and PL spectroscopy. Raman scattering spectroscopy was employed to study the structures of the ZnSe structures. It is well known that the TO and LO phonon frequencies for bulk ZnSe are 210 and 255 cm -1 [23, 24] . Fig. 4a shows a typical room-temperature Raman spectrum of the ZnSe microspheres. Two Raman peaks centered at 205 and 251 cm -1 are observed, which are attributed to the transverse optic (TO) and longitudinal optic (LO) phonon modes of crystal ZnSe, respectively. The sharp and symmetrical Raman peaks disclose that the ZnSe structures are all of high crystalline quality and pure phase [12, 22, 25] , which are consistent with the above SEM and XRD results. For the ZnSe nanosheets, however, the TO and LO phonon frequencies centered at 199 and 242 cm -1 , respectively, and both give a broad Raman peak due to the high surface-to-volume ratio of the structures [12, 22] . Compared to the Raman peaks of the bulk ZnSe [23, 24] , that of the ZnSe microspheres and nanosheets both are shifted toward lower frequency, which is probably due to the effect of special fine or nanostructures [12, 22, 25] .
The room-temperature PL spectra of ZnSe microspheres and nanosheets both show a weak blue emission band centered at 476 nm, and a strong and broad emission band ranging from 500 to 540 nm (Fig. 5) . The weak blue emission peak is usually attributed to the near-band-edge (NBE) emission of ZnSe [2, 26] . While the emission band from 500 to 540 nm has been associated with the surface emissions and possible metal vacancies [27, 30] . Geng et al. [19] explained the strong emission around 520 nm as a result of some donor-acceptor pairs that are related to Zn vacancy and interstitial states, or associated with dislocations stacking faults, and nonstoichiometric defects. Zhang et al. [21] explained the emission was attributed to recombination of a donor-acceptor pair involving Zn vacancies and Zn interstitial. Because of the products growth at Zn-rich condition, so we believe that the strong emission must be attributed to the interstitial Zn defect and nonstoichiometric defects.
In order to investigate the photocatalytic activity of the ZnSe microspheres and nanosheets, Rh-6G(10 -5 M) was chosen as the photocatalytic degradation dye. The characteristic absorption of Rh-6G at λ=524 nm is selected as monitoring the photocatalytic degradation process. The target molecule Rh-6G is relatively stable in aqueous solution when it is exposed to visible light irradiation. The control analyses show that the degradation of Rh-6G is negligible in the absence of ZnSe catalysts. The degradations of the Rh-6G in the presence of ZnSe microspheres (Fig. 6a) and ZnSe nanosheets (Fig. 6b) were measured with a 300 W high-pressure mercury lamp irradiation (λ max =365 nm) at 283 K at various times. The resulted indicates that the ZnSe nanosheets show higher photoactivity and 44% of the Rh-6G dye was degraded after 120 min (Fig. 6c) . This is attributed to the larger surface-to-volume ratio of ZnSe nanosheets than that of microspheres, which helps to increase the photocatalytic reactions sites and promote the electron-hole separation. Under UV light irradiation, the pseudo-first-order constants for the photodegration of Rh-6G are 0.00266 min -1 and 0.00483 min -1 with ZnSe microspheres or ZnSe nansheets, respectively (Fig. 6d) . The linear relationship between lnc/c 0 and time t can be achieved for both of the two selected photodegradation curves of ZnSe microspheres and ZnSe nanosheets. And the degradation rate of ZnSe nanosheets is nearly twice that of ZnSe microspheres. Additionally, the PL and XRD results indicate that ZnSe microspheres have high crystalline and few defects compared with ZnSe nanosheets. Defects may serve as recombination centers for photoexcited electronhole pairs during photocatalysis, therefore, the decrease of defects implied the decrease of photocatalytic activity.
To disclose the morphology evolution of the ZnSe microspheres, a series of control experiments were performed. The effects of several parameters (such as temperature, reaction time, and pH value) on the formation of ZnSe microspheres structures were studied. Fig. 7(a-b) are the SEM images of the products obtained at 150 °C for 24 h, compared with the microspheres gained at 180 °C, 24 h (as shown in Fig. 1 ), which clearly shows that the obtained products are larger microspheres with a diameter of about 4-10 µm, and the sub-particles of the microspheres are in the range of 0.8-1.5 µm. When the products obtained at 180 °C and the reaction time is prolonged for 48 h, compared with 24 h (as shown in Fig.  1) , it can found that the diameter of these microspheres and the sub-particles are also increased, and the diameter are in range of 5-6 µm and 300-700 nm, respectively (Fig.  7c-d) . In addition, with the mass ratio (NaOH to ZnCl 2 ) increased to 14:1, we can found that the microspheres is difficulty to form (Fig. 7(e-f ) ).
At the same time, the morphology of ZnSe nanosheets was also changed at different reaction condition. When the reaction temperature was at 150 °C for 24 h, besides ZnSe sheets, a certain amount of spherical products were observed (Fig. 8a,b) . In the case of increasing reaction time, the morphology of products do not change, but the thickness of sheets is slightly increased (Fig. 8c,d) . However, the impact of the base amount is notable, the thickness of the products increased from 90 nm to about 400 nm when the mass ratio of NaOH and ZnCl 2 changed from 4.6 to 14 (Fig. 8e,f) . The above results indicate that the morphology and size of the products could be controlled by the reaction parameters (such as temperature, reaction time, and pH value). However, except the deionized water, other parameters did not show great striking impact on the morphology of the products, which indicates that the water plays a key role in the formation of different shaped products.
To investigate the effect of oleic acid, an IR measurement was carried out to reveal the function of the oleic molecules (Fig. 9) . The sharp peak at 1380 cm -1 seen in the spectrum is an artifact due to the IR instrument. The peak was regularly (though not always) observed even in spectra recorded with pure KBr [31] . The broad band at ~3400 and 1630 cm -1 in the spectrum can be partly attributed to the v (O-H) stretch of absorbed water on the sample. For pure oleic acid, the v (O=H) stretch appears at 1711 cm -1 , and this peak is absent in the infrared spectrum of ZnSe coated with oleic acid in Fig. 9 . Instead, a characteristic band appears at 1464 cm -1 , corresponding to the symmetric, v s (COO -) stretch. The peaks at 2925 cm -1 is assigned to the antisymmetric methylene stretches (v as (CH 2 )) of the oleic acid molecule. The antisymmetric methyl stretch, v as (CH 3 ), is seen as a shoulder on the peak at 2970 cm -1 [31, 32] . This result leads to the conclusion that the oleic acid molecules adsorbed on the ZnSe nanocrystals all have the hydrophobic alkyl group directed away from the surface.
On the basis of the above facts, we have a primary understanding of the growth and self-assembly process of ZnSe products as followed (as shows Fig. 10 ): Our synthesis procedure involves the precipitation of the zinc salts and selenium ions in the presence of excess oleic acid molecules. When the mixture of oleic acid and ethanol was added, part of the oleic acid was converted into sodium oleate, forming a two-phase water/oil system. Oleic acid is excess in the system, so the zinc ion will form complexes easily with one to two oleic acid molecu- les and will be stabilized by the excess oleic acid. The function of oleic acid in the current method may base on the selective-adsorption model, which is similar to that of the alkyl chain phosphonic acids, in which the mixed solvents are selectively adsorbed at different crystallographic facets of the growing crystals to achieve anisotropic crystal growth kinetically [33] . During the reaction process, along with the Se powder reacted with NaOH to form Se 2-, the OA-capped Zn ions have a great chance of reacting with Se 2-to form ZnSe nuclei at the interface of water and oleic acid, because the diffusion rate of molecules/ions was sped up at the elevated temperature. After the initial nucleation, the ZnSe monomers will grow into ZnSe crystallites, driven by the minimization of the total energy of the system, these ZnSe crystallites will aggregate together to form solid microspheres. In addition, the use of oleic acid with ethanol may also lead to some fluctuations at 150-180 °C in the present system, which can lead to the formation of the ZnSe microspheres with irregular fine particles. When the DIW was excluded in the reaction solution, however, the viscosity is also increased, because of oleic acid is a long alkyl chain carboxylic acid with high viscosity, so the diffusion process of the ZnSe nanocrystals cannot be well conducted in such highly viscous that the final sheets were obtained. 
Conclusion
In summary, the microspheres and nanosheets of ZnSe with a cubic structure have been successfully synthesized via solvothermal routine. The diameters of the microspheres about 4 µm, which are composed of sub-particles, and diameter of the sub-particles are in the range of 100-300 nm, while the thicknesses of the nanosheets is about 90 nm. The PL of the products shows a strong emission band at about 520 nm which attributed to the interstitial Zn defect and nonstoichiometric defects, and a weak NBE emission band at 476 nm. According to the degradation of Rh-6G, the degradation rate of ZnSe nanosheets is nearly twice that of ZnSe microspheres, which suggests that the as-synthesized ZnSe nanosheets are a more powerful photocatalyst for the degradation of Rh-6G dye. Through changing the morphologies and the IR spectra revealed that the deionized water and the oleic acid molecules play an important role in the growth of ZnSe microspheres and nanosheets.
